Levels of numerous hormones vary across the day and night. Such fluctuations are not only attributable to changes in sleep/wakefulness and other behaviors but also to a biological timing system governed by the suprachiasmatic nucleus of the hypothalamus. Sleep has a strong effect on levels of some hormones such as growth hormone but little effect on others which are more strongly regulated by the biological timing system (e.g., melatonin). Whereas the exact mechanisms through which sleep affects circulating hormonal levels are poorly understood, more is known about how the biological timing system influences the secretion of hormones. The suprachiasmatic nucleus exerts its influence on hormones via neuronal and humoral signals but it is also now apparent that peripheral cells can rhythmically secrete hormones independent of signals from the suprachiasmatic nucleus. Under normal circumstances, behaviors and the biological timing system are synchronized and consequently hormonal systems are exquisitely regulated. However, many individuals (e.g., shift-workers) frequently undergo circadian misalignment by desynchronizing their sleep/wake cycle from the biological timing system. Recent experiments indicate that circadian misalignment has an adverse effect on metabolic and hormonal factors such as glucose and insulin. Further research is needed to determine the underlying mechanisms that cause the negative effects induced by circadian misalignment. Such research could aid the development of countermeasures for circadian misalignment.
INTRODUCTION
In mammals, concentrations of many hormones fluctuate across the day and night. Numerous hormones are directly affected by sleep and behavioral activity. Thus, one may think that the daily rhythm in sleep and other behaviors fully explain why there exists a day/ night rhythm in hormone levels. However, an endogenous timing system also affects the day/night fluctuations of hormones. The influence of sleep and the endogenous timing system actually interact in order to regulate some hormones. Under normal conditions, the behavioral cycle and endogenous timing system are synchronized and appropriately regulate levels of hormones. However, when the sleep/wake cycle and endogenous timing system are uncoupled or desynchronized (e.g., during night-work), normal day/night variations in numerous hormones are altered which may have adverse health consequences. In this review, we primarily discuss the influence of the circadian timing system, sleep and their desynchronization on hormones and emerging consequences on metabolic function.
THE CIRCADIAN TIMING SYSTEM
A multitude of organisms, ranging from single cellular organisms, plants, and flies, to humans, have developed an endogenous timing system that optimally synchronizes physiology and behavior (e.g., rest/activity cycles) with the solar day. This circadian system ("circa", around; "dies", day) has two fundamental characteristics: (1) endogenous rhythmicity with a period of approximately 24 h that persists independently of oscillations in external factors such as the light/dark cycle; (2) the ability to have its timing shifted by external factors such as light and nutrient intake. Circadian clocks are located centrally and in most peripheral tissues such as the liver and heart (Yamazaki et al., 2000; Storch et al., 2002; Ko and Takahashi, 2006) . Another important feature of the circadian system is that it creates a 'biological night' and 'biological day' that alternate in cyclic fashion, with their transitions being characterized by relatively abrupt changes in hormonal, electrophysiological, and behavioral variables such as the propensity to sleep (Wehr et al., 2001; Aeschbach et al., 2003b) . The term biological night refers to the habitual dark episode, i.e., the time normally characterized by behavioral inactivity in diurnal (day-active) species and behavioral activity in nocturnal (night-active) species and the opposite holds true for the term biological day. The importance of the circadian system is further exemplified by the observation that circadian disruption leads to an array of disorders (e.g., sleep disorders, impaired glucose regulation and obesity) and decreased life expectancy (Hurd and Ralph, 1998; Turek et al., 2005) . This indicates that optimal functioning of the circadian timing system is imperative for good health and thus warrants extensive research.
Suprachiasmatic nucleus: the master circadian clock
The suprachiasmatic nucleus (SCN) is a bilateral structure consisting of thousands of neurons (45,000-50,000 in humans and ~20,000 in rats) that is located in the anterior hypothalamus directly on top of the optic chiasm and next to the third ventricle (van den Pol, 1980; Güldner, 1983; Swaab et al., 1985; Hofman et al., 1988) . Different lines of evidence indicate that the SCN regulates circadian rhythms: (1) lesions of the SCN obliterate circadian rhythms in physiology and behavior (Moore and Eichler, 1972; Stephan and Zucker, 1972; van den Pol and Powley, 1979) ; (2) transplantation of a donor-SCN can reinstate circadian rhythms in SCN-lesioned rodents (Lehman et al., 1987) ; (3) transplantation of a donor-SCN restore rhythms in a SCN-lesioned recipient with a period length characteristic of the donor (Ralph et al., 1990) ; and (4) the SCN displays a circadian rhythm in neural firing rate not only in vivo, but also in vitro (Green and Gillette, 1982; Groos and Hendriks, 1982; Meijer et al., 1997) . Circadian clocks were once thought to be only present in the SCN, but several research groups have now demonstrated that peripheral cells express circadian clocks that can function independently of the SCN (Balsalobre et al., 1998; Yoo et al., 2004; Brown et al., 2005) . This is not surprising considering the molecular machinery (transcription-translation feedback loops) that drive circadian rhythms in SCN and peripheral cells is similar (Yagita et al., 2001) . Despite this, synchrony between peripheral clocks within organs is lost without input from the SCN (Guo et al., 2006) . Thus, the SCN is considered to be the master circadian clock, i.e. the pacemaker that is necessary for optimal coordination of peripheral clocks.
Entrainment: setting the clock
In mammals-including humans-circadian clocks have a period of approximately, but not exactly, 24 h . Consequently, circadian clocks require external input (i.e., a time cue) in order to phase-shift and thus synchronize (or entrain) with the environment (e.g., the light/dark cycle). Circadian clocks are entrained by both photic and non-photic signals.
Light is the most potent Zeitgeber (German: "time giver"), or time cue, to the master circadian oscillator. A direct projection from the retina to the SCN in mammals was confirmed in the 1970s (Moore and Lenn, 1972; Moore, 1973) . Since then, it has been established that light is detected by intrinsically photosensitive retinal ganglion cells (containing the photopigment melanopsin), rods and cones and this signal is passed on to the SCN via the retinohypothalamic tract (RHT; Moore et al., 1995; Gooley et al., 2001; Hattar et al., 2002) . Moreover, the SCN also indirectly receives light information via another pathway; light information is conveyed to the intergeniculate leaflet from the optic tract, then to the SCN via the geniculohypothalamic tract (GHT; Pickard, 1985; Harrington et al., 1987) . Dysfunction of the abovementioned pathways impairs light induced phase-shifts and entrainment to a light/dark cycle, with a stronger effect of RHT dysfunction. Lesioning the RHT prevents entrainment to a light/dark cycle whereas lesioning the GHT only slows the rate of entrainment to a light/dark cycle (Johnson et al., 1988; Johnson et al., 1989; Hattar et al., 2003; Panda et al., 2003) . The effect of light upon the circadian system is dependent on the internal time of exposure (i.e., circadian time). Light exposure during the biological evening/early night (i.e., a time normally associated with the start of behavioral inactivity in diurnal animals and behavioral activity in nocturnal species) phase delays the circadian system (i.e., causes the circadian cycle to shift later relative to clock time). On the other hand, light exposure during the biological morning (i.e., typically the transition from behavioral inactivity to activity in diurnal species; and vice versa in nocturnal animals) results in a phase advance (i.e., causes the circadian cycle to shift earlier relative to clock time; Khalsa et al., 2003) . The effectiveness of light is further determined by intensity, wavelength, duration, and the prior photic history (Van Cauter et al., 1994; Zeitzer et al., 2000b; Lockley et al., 2003; Revell et al., 2005; Chang et al., 2011a; Chang et al., 2011b) . Other neural inputs to the SCN in addition to the abovementioned ones have been identified, but their precise physiological relevance is yet to be determined (Moga and Moore, 1997; Krout et al., 2002) .
Research indicates that circadian entrainment can occur in the absence of light cues and thus suggests that non-photic signals can phase-shift and synchronize circadian clocks (Lockley et al., 2000; Sack et al., 2000) . Such non-photic signals include exercise, melatonin, feeding and temperature (Reppert et al., 1988; McArthur et al., 1991; Lewy et al., 1998; Damiola et al., 2000; Lockley et al., 2000; Sack et al., 2000; Buxton et al., 2003; Barger et al., 2004; Escobar et al., 2009; Buhr et al., 2010; Burgess et al., 2010) . Due to brevity of this review, we only discuss the influence of melatonin and temperature upon circadian entrainment as examples. Sack et al. (2000) and Lockley et al. (2000) demonstrated that daily melatonin administration can entrain free-running circadian rhythms of blind individuals. In vitro, melatonin can phase-shift the SCN electrical activity rhythm (McArthur et al., 1991) . This indicates that the entrainment effect of melatonin may be caused by its direct action upon the SCN. This is perhaps not surprising considering the high level of expression of melatonin receptors in the SCN (Reppert et al., 1988) . As with light, a temporal relationship exists in regard to the entrainment effect of exogenous melatonin; intake during the biological day/ evening phases advances and consumption during the biological night/morning phase delays circadian rhythms (Lewy et al., 1998; Burgess et al., 2010) .
Of interest, Buhr et al.(2010) recently demonstrated that subtle, and physiologically relevant, variations in temperature (36 to 38.5°C) can entrain peripheral oscillators but not the SCN in vitro. The SCN's resistance to the entrainment effect of temperature may prevent interfering feedback of body temperature on SCN, since the circadian regulation of body temperature is a key role of the SCN in endothermic animals (i.e., mammals; Buhr et al., 2010) . Thus, the abovementioned findings indicate that the robust circadian rhythm in mammalian core body temperature may serve to entrain peripheral clocks.
Output of the SCN
The SCN orchestrates circadian rhythms in behavior and physiology via endocrine and neural pathways. Hormonal systems that are under clear circadian control include melatonin, the hypothalamic-pituitary-adrenal (HPA) axis including cortisol, the hypothalamicpituitary-thyroid axis, and epinephrine as demonstrated recently (Czeisler and Klerman, 1999; Scheer et al., 2010) . Multi-synaptic projections from the SCN to different organ systems have been demonstrated in rodents utilizing the trans-synaptic retrograde tracer pseudorabies virus, including projections to the pineal gland, heart, kidneys, adrenal cortex, liver, pancreas, spleen, and white and brown adipose tissue (la Fleur et al., 2000; Bartness et al., 2001; Buijs et al., 2001; Scheer et al., 2001; Kreier et al., 2002; Buijs et al., 2003; Scheer et al., 2003; Shibata, 2004) . In addition, hormones (e.g., glucocorticoids) under SCN control may serve to entrain circadian oscillations in peripheral tissues (Balsalobre et al., 2000) .
The SCN's influence on the autonomic system may explain why human cardiovascular markers (e.g., heart rate and blood pressure) exhibit circadian rhythmicity, both at rest and in their response to stressors such as exercise and head-up tilt (Kräuchi and Wirz-Justice, 1994; Burgess et al., 1997; Scheer et al., 2004a; Scheer et al., 2010; Hu et al., 2011; Shea et al., 2011) . Indeed, plasma epinephrine and plasma norepinephrine, as measures of sympathetic activity, and heart rate variability markers, as measures of vagal (parasympathetic) cardiac modulation, show endogenous circadian rhythms in humans, i.e. independent of any daily changes in behavior or environment (Burgess et al., 1997; Scheer et al., 2010) . Most notably, the largest increase of sympathetic markers and the largest decrease in parasympathetic markers in response to standardized exercise occurs at an endogenous circadian phase corresponding to ~9 AM (Scheer et al., 2010) , i.e. the peak time for the occurrence heart attacks and stroke, as observed in epidemiologic studies (Muller et al., 1985; Elliott, 1998) . These data, if replicated in vulnerable populations, would suggest that the circadian system can contribute to the morning peak in adverse cardiovascular events. Understanding the underlying circadian mechanisms may help develop novel therapeutic strategies (Scheer et al., 2004b; Cagnacci et al., 2005) . Other projections from the SCN relevant in the regulation of sleep and hormones are discussed in sections below.
SLEEP
Sleep is characterized by an increased arousal threshold to sensory input, a reduction of motor output and the absence of consciousness. Humans spend approximately one third of their lives sleeping but the function of this behavior is not well understood. Nevertheless, sleep deprivation studies indicate that sleep is required for proper cognitive, motor and physiological function (Rechtschaffen et al., 1989; Pilcher and Huffcutt, 1996; Buxton et al., 2010) .
Sleep is divided into non-rapid eye movement (NREM) sleep and rapid eye movement (REM) sleep (Carskadon and Dement, 1996) . NREM and REM sleep occur in cycles during a sleep period (Carskadon and Dement, 1996) . Traditionally, NREM sleep has been subdivided into stages 1-4, with stages 3 and 4 often referred to as slow wave sleep (SWS). In 2007, the American Academy of Sleep Medicine published new criteria for characterizing sleep (Iber et al., 2007) . The main changes from the traditional criteria of Rechtschaffen and Kales (1968) is that NREM sleep has three stages-N1, N2, and N3 (stages 3 and 4 from the previous criteria are combined into N3). SWS and EEG slow-wave activity (spectral power density in the 0.75-4.5 Hz range) typically dominate early in a sleep episode and then decrease, whereas stage 2 sleep, EEG spindle frequency activity (power density in the 12-15 Hz range) and REM sleep become more prominent as sleep progresses (Aeschbach and Borbély, 1993; Carskadon and Dement, 1996) . Slow wave activity (SWA) is thought to be a measure of sleep intensity that dissipates in the course of a sleep episode (Borbély and Achermann, 2005) . The sleep/wake dependent changes in the latter were the basis of Process S in the Two-Process model (see below).
A two-process model of sleep regulation
On the face of it, it is perplexing that humans do not typically feel increasingly sleepy in the course of a regular waking day, whereas sleepiness and sleep propensity rapidly increase if wakefulness is extended beyond a regular 16-h daytime episode. Research has shown that these observations have a biological basis in the interaction of two regulatory systems, conceptualized as Process S and Process C in the two-process model of sleep regulation by Borbély (1982) . Process S corresponds to a homeostatic (i.e., need-based) drive for sleep that builds up with increasing time awake and declines during sleep. Process C corresponds to the circadian (i.e. sleep-wake independent) modulation in sleep propensity. The combined action of the homeostatic and circadian processes controls sleep propensity, sleep duration, and the quality of wakefulness including alertness and performance.
The basic tenets of the two-process model were later tested in a series of experimental protocols, in particular the forced desynchrony (FD) protocol which allowed for the mathematical separation and quantification of sleep-wake dependent (homeostatic) and circadian contributions to sleep propensity, sleep duration, sleep structure and waking quality. In the FD protocol, subjects are scheduled to live on a fixed sleep-wake cycle that is sufficiently different from 24 h and in dim light conditions such that the sleep-wake cycle is outside the range of entrainment of the master oscillator, causing the internal clock to 'free run' or drift according to its own internal period. The FD protocol, first developed by Kleitman (1963) , allows the assessment of circadian and homeostatic influence by evenly spreading behavioral (e.g., sleep and wakefulness) and environmental factors across the circadian cycle. The circadian drive for sleep is greatest at the end of the biological night and lowest at the end of the biological day ( Figure 1 ; Dijk and Czeisler, 1994) . Thus, under entrained conditions, as the homeostatic drive for sleep (also referred to as homeostatic sleep pressure) dissipates during a sleep episode, the circadian sleep drive increases in a compensatory manner (Figure 2 ; Dijk and Czeisler, 1994) . Conversely, under entrained conditions, as the homeostatic sleep drive increases during wakefulness, the circadian sleep drive decreases. In essence, under conditions of appropriate entrainment, the homeostatic and circadian systems interact to consolidate wakefulness during the biological day and to consolidate sleep during the biological night. Of note, the effect of Process S and C on sleep are not additive. This is best illustrated by comparing the magnitude of the circadian modulation of sleep propensity at the beginning of the sleep episode with that at the end: at the beginning it is very small, while it grows towards the end of the sleep opportunity ( Figure 2 ). This concept has clear relevance for people that undertake shift-work for example. Falling asleep is typically not a problem for night-workers, but staying asleep is increasingly difficult when trying to sleep during the day, at an adverse circadian phase (e.g., trying to sleep between 11 AM-7 PM).
Many aspects of sleep architecture are influenced by the homeostatic and circadian system, with the relative contribution varying among sleep parameters . As proposed by the two-process model, the typical decline of SWS and EEG SWA during sleep is indeed due to a strong homeostatic influence, whereas the circadian influence is minimal ( Figure 3 ; Dijk and Czeisler, 1995) . In contrast, there is a strong circadian modulation of REM sleep and weaker homeostatic modulation ( Figure 3 ). The maximum of the circadian rhythm in REM sleep occurs shortly after the minimum in the core body temperature rhythm. During entrained conditions, the combined sleep-dependent and circadian influences result in maximal REM sleep propensity close to habitual wake time, which has been thought to provide an optimal gate for the brain's re-arousal (Lavie et al., 1979; Dijk and Czeisler, 1995) . In addition, spindle frequency activity is influenced by both a sleepdependent increase and a circadian modulation (Dijk and Czeisler, 1995; Aeschbach et al., 1997a) .
Homeostatic and circadian processes are apparent not only during sleep. Quantitative markers of homeostatic sleep pressure and circadian sleep drive have also been derived from specific EEG frequency components during wakefulness (Aeschbach et al., 1997b; Cajochen et al., 2002) .
ADENOSINE AS A MEDIATOR OF HOMEOSTATIC SLEEP PRESSURE
It is beyond the scope of this article to review fully the physiological basis of the changes in homeostatic sleep pressure that may underlie Process S. In short, Process S has been thought to be driven by a progressive build up of sleep-promoting chemicals during wakefulness. One chemical that has received a lot of scientific attention in recent decades is adenosine (for a full review see Landolt, 2008) . Several findings are important in this context: (1) extracellular concentrations of adenosine in the basal forebrain-an area which promotes wakefulness-increase and decrease during elongated wakefulness and sleep, respectively (Porkka-Heiskanen et al., 1997; Porkka-Heiskanen et al., 2000) ; (2) intracerebroventricular injection of adenosine or an adenosine agonist promotes sleep (Virus et al., 1983; Benington et al., 1995; Schwierin et al., 1996) ; (3) adenosine antagonists such as caffeine promote wakefulness and alertness (Brezinova, 1974; Landolt et al., 1995a; Landolt et al., 1995b; Patat et al., 2000) .
CIRCADIAN REGULATION OF SLEEP VIA PROJECTIONS IN THE BRAIN
Since reports of a circadian rhythm in sleep propensity and architecture, researchers have investigated how the SCN may regulate wakefulness and sleep. The influence of the SCN on the ventrolateral preoptic nucleus (VLPO) and orexin (also known as hypocretin) neurons found solely in the lateral hypothalamus has received special attention (Saper et al., 2005) .
Lesioning the VLPO reduces sleep and thus suggests that these cells are involved in the promotion of sleep (Lu et al., 2000) . Neurons of the VLPO presumably promote sleep by releasing inhibitory neurotransmitters (galanin and GABA) at various clusters of cells within the hypothalamus and brainstem that contribute to arousal, such as the locus coeruleus (Sherin et al., 1998; Saper et al., 2005) . Orexin neurons project to the cerebral cortex along with cells in the hypothalamus and brainstem that partially mediate arousal and are predominately active during wakefulness (Peyron et al., 1998; Lee et al., 2005; Mileykovskiy et al., 2005) . Mammals without orexin or its receptor exhibit narcoleptic behavior (e.g., excessive sleepiness during the period in which they are normally active) indicating that these neuropeptides promote wakefulness (Chemelli et al., 1999; Lin et al., 1999) . The SCN has relatively few direct, but many possible indirect projections to the VLPO and orexin neurons (Chou et al., 2002; Yoshida et al., 2006) . The indirect projections may occur via the following pathway: SCN to subparaventricular zone (SPZ), then dorsomedial nucleus of the hypothalamus (DMH) and finally VLPO and orexin neurons (Watts et al., 1987; Chou et al., 2002) . Lesions of the ventral, but not dorsal SPZ impair circadian variation in sleep and wakefulness . This suggests that the SCN's projection to the ventral SPZ is an important component of the circadian regulation of sleep and wakefulness.
CIRCADIAN SYSTEM, SLEEP AND ENDOCRINOLOGY
In this review, we only focus on hormones related to the circadian system and sleep that have been studied fairly extensively in humans. To determine the effect of the circadian system on variables, independent of changes in behavior (e.g., sleep and wakefulness) or environment, researchers studying humans have used a constant routine (CR) or FD (see above for a description) protocol. The CR protocol, first developed by Mills et al.(1978) , enables the assessment of circadian variation in variables because the influences of behavioral and environmental factors are minimized or equally distributed across the circadian cycle by maintaining (1) constant wakefulness; (2) constant semi-recumbent posture; (3) limited physical movement; (4) dim light conditions; and (5) evenly distributing isocaloric snacks or continuous glucose infusion.
Melatonin
Circadian/sleep regulation of melatonin-Researchers have demonstrated that sleep per se (i.e., independent of the circadian phase at which it occurred) has little influence on circulating melatonin levels suggesting that the nocturnal onset of melatonin secretion is not a consequence of the transition from wakefulness to sleep (Figure 4 ; Dijk et al., 1999; Gooley et al., 2011) . Moreover, scientists using either a CR or FD protocol have demonstrated robust circadian rhythmicity in melatonin, with levels being high during the biological night and low during the biological day (Figure 4 ; Dijk et al., 1999; Wehr et al., 2001; Cain et al., 2010; Gooley et al., 2011) . The regulation of melatonin production is probably the best-known and most-studied physiological function regulated by the SCN via the autonomic nervous system. The SCN projects to the pineal gland via a multi-synaptic pathway that begins with a projection from the SCN to the paraventricular nucleus (PVN), then to the IML of the upper thoracic spinal cord (between the first and third thoracic vertebra), subsequently the superior cervical ganglion and finally the pineal gland (Moore, 1996; Teclemariam-Mesbah et al., 1999) . Two lines of evidence indicate that the abovementioned projection is important for the circadian rhythm in production of melatonin. First, dysfunction of the pathway abolishes rhythmic production of melatonin in rodents (Klein et al., 1983; Hastings and Herbert, 1986) . Second, humans with complete cervical spinal cord injury, which transects this pathway, exhibit no circadian rhythm in melatonin, while people with a spinal cord injury below the third thoracic vertebra, which leaves this pathway intact, display a normal circadian rhythm in melatonin (Zeitzer et al., 2000a) .
Melatonin effects on sleep-Several lines of evidence indicate that melatonin plays a role in the regulation of human sleep. First, exogenous melatonin administered outside of the phase of its endogenous production decreases sleep latency and-in particular in sustainedrelease and transdermal formulations-can increase total sleep time and sleep maintenance (Sack et al., 1997; Sharkey et al., 2001; Aeschbach et al., 2009) . Second, exogenous melatonin induces specific changes in the spectral composition of the sleep EEG-including an increase in the spindle frequency range-that are similar to those attributed to the circadian pacemaker during the biological night Dijk et al., 1997; Knoblauch et al., 2003; Aeschbach et al., 2009) . Third, pharmacological suppression of nocturnal melatonin with the beta-blocker Atenolol increases total wake time during a sleep opportunity, and administration of exogenous melatonin can restore normal sleep when given together with Atenolol (van den Heuvel et al., 1997) . The adverse effects of betablockers on melatonin production and sleep raises the question whether melatonin supplementation may be beneficial in patient populations treated with beta-blockers, such as patients with hypertension, heart failure, arrhythmia, angina, or after a myocardial infarction (Scheer et al., 2004b; Scheer et al., 2007) . Third, even chronic absence of endogenous melatonin production may be of clinical importance for sleep function. In a pilot study, patients with complete cervical spinal cord injury who produce no melatonin, had worse sleep efficiency than healthy people and individuals with thoracic spinal cord injury who had normal melatonin production (Scheer et al., 2006) . It is worth noting that nocturnal species are active when endogenous melatonin levels are highest, when a soporific effect of melatonin would be counterproductive (Kalsbeek et al., 1996) . Thus, interpreting data on the effects of melatonin on physiology in experimental rodents (typically nocturnal) and translating it to humans is not straight forward (Mendelson et al., 1980a ).
Wyatt and co-workers (Wyatt et al., 2006) , using a FD protocol, showed that exogenous melatonin (0.3 and 5 mg) in healthy people only improves sleep efficiency during the biological day when endogenous melatonin is absent and sleep quality is low, and failed to improve sleep during the biological night when endogenous melatonin levels and sleep quality are already high. The abovementioned researchers believe their results are consistent with the hypothesis that both exogenous and endogenous melatonin promotes sleep by opposing the wake-promoting signal from the master circadian clock. Interestingly, the intake of 0.3 and 5 mg of melatonin had a similar effect on sleep efficiency, perhaps indicating no additional benefit of exogenous melatonin concentrations above endogenous nighttime levels, consistent with previous observations (Zhdanova and Wurtman, 1997) . Furthermore, these and other findings suggest that daytime melatonin intake may be useful for individuals (e.g., rotating shift-workers) who need to seek sleep during their biological day. Sustained release and transdermal melatonin delivery (Sack et al., 1997; Sharkey et al., 2001; Aeschbach et al., 2009) , unlike immediate release melatonin, ensures that circulating melatonin levels are raised through much of a sleep period. Consequently, these formulations appear to be more effective than immediate release melatonin at improving daytime sleep.
In addition to its direct sleep-facilitating effect, melatonin can improve sleep through its chronobiotic effect by entraining the circadian system to a desired/imposed sleep/wake cycle (Lewy et al., 1992; Lockley et al., 2000; Sack et al., 2000; Burgess et al., 2010) .
Cortisol
Circadian/sleep regulation of cortisol-Researchers utilizing either a CR or FD protocol have demonstrated a robust circadian rhythm in cortisol, with the trough during the early biological night, close to habitual bedtime, a rapid rise in the middle of the biological night when sleep would normally occur, and the peak in the biological morning, close to habitual waketime (Figure 4 ; El-Hajj Fuleihan et al., 1997; Wehr et al., 2001; Aeschbach et al., 2003b; Scheer et al., 2009 ). The SCN is thought to cause a circadian rhythm in corticosteroids (mainly cortisol in humans and corticosterone in rodents) cortisol levels via both hormonal and neuronal pathways. The hormonal pathway consists of projections from the SCN to the periventricular nucleus of the PVN and DMH which both then project to the medial parvocellular part of the PVN which stimulates the release of corticotropin-releasing hormone (Buijs et al., 1993; Buijs et al., 1999) . This hormone then stimulates the secretion of adrenocorticotropin from the anterior pituitary gland that then acts upon the adrenal cortex to stimulate the release of corticosteroids (Buijs et al., 1993; Buijs et al., 1999) . The neuronal pathway consists of a projection from the SCN to the PVN, then to the IML of the spinal cord and finally to the adrenal cortex .
Different experimental designs indicate that sleep per se suppress cortisol levels although its effect is relatively weak compared to that of the circadian system (Figure 4 ). Weitzman and co-workers (1983) reported that cortisol levels are decreased during the first few hours of both day and night time sleep. Also when Weitzman et al. (1974) imposed healthy subjects to a 3-h sleep/wake cycle (i.e. 2 h of wakefulness/1 h of scheduled sleep) for 10 days, cortisol levels were generally suppressed during sleep, regardless of the time of day it occurred. It is not known what aspect of sleep influences cortisol levels. Because sleep suppresses cortisol levels during the early part of a sleep period when SWS is most present, it has been hypothesized that SWS has an inhibitory effect on cortisol secretion. demonstrated that SWS and REM sleep are often temporally related to decreased cortisol secretion but their study could not determine if either sleep stage has an inhibitory effect on cortisol secretion or vice versa. (Born et al., 1991; Friess et al., 1994; Bohlhalter et al., 1997; Friess et al., 2004) . Considering SWS decreases and REM sleep increases as a sleep episode progresses, it is unlikely that the circadian increase in cortisol during the nocturnal sleep in entrained individuals serves to regulate sleep.
HPA-axis influences on sleep-Both continuous and pulsatile intravenous infusion of cortisol increases SWS and decreases REM sleep in humans

Growth hormone
Circadian/sleep regulation of growth hormone-Uchiyama and co-workers using a CR protocol observed spikes in growth hormone levels during the biological evening and night when one would typically sleep (Uchiyama et al., 1998) . However, the influence of sleep on growth hormone secretion is stronger than the circadian system's influence ( Figure  4) . Indeed, growth hormone levels are increased during sleep, with the major increase occurring soon after sleep onset, irrespective of the time of day that sleep takes place (Honda et al., 1969; Born et al., 1988; Pietrowsky et al., 1994; Weibel et al., 1997) . When an individual's nocturnal sleep is interrupted, a growth hormone surge occurs fairly soon after recommencement of sleep (Beck et al., 1975) . Growth hormone surges can occur multiple times during a sleep period (Takahashi et al., 1968; Van Cauter et al., 1992) . For example, Van Cauter and co-workers (1992) reported a growth hormone pulse approximately every 2 hours during sleep. These intermittent pulses of growth hormone are thought to be associated with the cyclic occurrence of SWS that occurs during a sleep period. Indeed, SWS and SWA are reported to be positively correlated with growth hormone level by some but not all researchers (Sassin et al., 1969b; Jarrett et al., 1990; Gronfier et al., 1996) . Moreover, Holl et al. (1991) who measured growth hormone every 30 seconds during sleep noted that levels of the hormone were significantly higher during SWS compared to stage 1, 2 and REM sleep. It has been reported that growth hormone levels are lower in some individuals that are deprived of SWS, whereas stimulation of SWS with gammahydroxybutyrat (GHB) was found to be associated with an increase in growth hormone secretion (Sassin et al., 1969a; Van Cauter et al., 1997) . Moreover, depriving individuals of REM sleep has no effect on growth hormone secretion during a nocturnal sleep period (Honda et al., 1969) .
Growth hormone influences on sleep-Inconsistent results regarding the influence of growth hormone on human sleep have been reported. Some researchers have reported that intravenous infusion of growth hormone decreases SWS and increases REM sleep whereas others have observed no effect on sleep architecture (Mendelson et al., 1980b; Kern et al., 1993) .
Prolactin
Circadian/sleep regulation of prolactin-Waldstreicher and co-workers (1996) used a CR protocol to determine if a circadian rhythm in prolactin levels was present in women and men. Men displayed a circadian rhythm in prolactin levels, with a nadir in the late biological morning/early afternoon and a plateau during the late biological afternoon, evening and night. Circadian variation in prolactin level was also present in women, but the characteristic of this rhythm was dependent on menstrual phase. In women studied during their follicular phase, prolactin levels rose in the late biological afternoon and remained high across the biological night until the start of the biological morning after which concentrations decreased to a nadir in the late biological morning/early afternoon. In women studied in their luteal phase, prolactin concentrations peaked in the late biological afternoon/early evening, then declined in the few hours before habitual bedtime (late biological evening), then reached a second peak during the late biological nighttime and then reached a nadir in the late biological morning/early afternoon.
Prolactin levels increase soon after the beginning of sleep and then remain high, regardless of the time of day at which sleep takes place (Parker et al., 1973; Sassin et al., 1973; Logue et al., 1992; Spiegel et al., 1996) . The independent influence of sleep on prolactin levels appears to be stronger than the circadian system's influence. Thus, prolactin concentrations appear to be primarily regulated by the sleep/wake cycle as opposed to the circadian system (Figure 4 ).
Conflicting findings regarding the relationship between specific sleep stages and prolactin secretion have been reported. For example, researchers have reported that prolactin levels are positively related to REM sleep and negatively or unrelated to SWS, and that prolactin secretory rate is low at the time of REM sleep onset (Vaughan et al., 1978; Spiegel et al., 1994) . Moreover, Spiegel et al. (1995) reported that prolactin concentrations are positively correlated with EEG SWA. Clearly, more research is needed to clarify the relationship between sleep structure and prolactin levels.
Prolactin influences on sleep-In rats, systemic or intrahypothalamic infusion of prolactin increases and decreases REM sleep when administered during the day and night, respectively (Roky et al., 1993; Roky et al., 1994) . Little research regarding the effect of prolactin on human sleep has been undertaken. However, it has been reported that patients with hyperprolactinemia have more SWS but similar REM sleep compared with healthy individuals (Frieboes et al., 1998) . The influence of prolactin on human sleep warrants further exploration using better research designs.
Hypothalamic-pituitary-thyroid (HPT) axis
Circadian/sleep regulation of HPT-axis-For thyroid stimulating hormone (TSH), CR protocols have revealed a maximum in the middle of the biological night and nadir during the biological afternoon (Figure 4 ; Wehr et al., 1993; Allan and Czeisler, 1994) . No circadian rhythm was present in total triiodothyronine (T 3 ) or thyroxine (T 4 ) concentrations (Allan and Czeisler, 1994) , whereas a circadian rhythm in free T 3 has been reported by others (Aeschbach et al., 2003a) . Nighttime TSH levels are higher in the absence than in the presence of sleep indicating that sleep has an inhibitory influence on TSH secretion and opposes the circadian influence on this hormone (Figure 4 ; Parker et al., 1976; Brabant et al., 1990) .
TSH values are negatively correlated with both SWS and SWA (Goichot et al., 1992; Gronfier et al., 1995) . Moreover, recovery sleep following sleep deprivation suppresses TSH levels to larger extent than normal sleep does (Brabant et al., 1990) , further suggesting a relationship between NREM sleep intensity and the magnitude of TSH suppression.
Glucose and insulin
Circadian/sleep regulation of glucose and insulin-Researchers using a CR protocol have determined circadian rhythmicity in glucose and insulin levels Shea et al., 2005) . Peaks occurred during the late biological night/early biological morning. Scheer and colleagues (2009) , using a FD protocol, reported a circadian rhythm in glucose (peak during the biological night) but not in insulin levels. The relatively small circadian insulin rhythm may have been masked by the strong stimulatory effect of the larger meals in the FD protocol compared to the CR protocol. Moreover, researchers have demonstrated that SCN intact-rats that have a fixed 6-meals-per-day feeding schedule (to uniformly distribute food intake across the circadian cycle) display a 24-h rhythm in glucose levels; whereas this rhythm is abolished in SCN-lesioned rats (la Fleur et al., 1999) . Projections from the SCN to the liver and pancreas have been identified (la Fleur et al., 2000; Buijs et al., 2001 ). These projections provide neuroanatomical pathways by which the master circadian pacemaker-along with peripheral clocks-could influence levels of both glucose and insulin.
Glucose levels and insulin secretion rate increase during both nocturnal and daytime sleep under conditions of constant glucose infusion (Frank et al., 1995) . It is thought that glucose levels increase during sleep-when glucose infusion is kept constant-due, in part, to a decrease in brain glucose metabolism possibly related to the lower brain activity that generally occurs during sleep compared to wakefulness (Boyle et al., 1994) . Also, the rise in glucose during sleep under the above-described conditions may be partially due to a lack of glucose uptake by inactive muscles and due to growth hormone secretion pulses which can have an anti insulin-like effect (Moller et al., 1990; Van Cauter, 2005) . In the latter part of a sleep period-when glucose infusion is kept constant-glucose levels and insulin secretion decrease and this may be due to an increase in glucose utilization during wakefulness and REM sleep-both of which occur more frequently at the end rather than beginning of a sleep bout (Boyle et al., 1994; Van Cauter, 2005) .
Ghrelin and leptin
Circadian/sleep regulation of ghrelin and leptin-Animal and human research indicates that ghrelin and leptin promote and suppress food intake, respectively (Coleman, 1978; Friedman and Leibel, 1992; Clement et al., 1998; Friedman and Halaas, 1998; Wren et al., 2001; Esler et al., 2007) . To the authors' knowledge, no researcher has published data regarding the influence of the human circadian system on ghrelin levels. However, LeSauter et al. (2009) demonstrated that expression of ghrelin by stomach cells was higher at circadian time (CT) 6-with CT12 being circadian onset of activity in nocturnal rodentsthan at CT18 in mice kept in constant darkness and fed ad libitum or that were fooddeprived. Natalucci and co-workers (Natalucci et al., 2005) reported that ghrelin levels rise before and decrease after habitual meal times in individuals that are fasting and similar findings have been reported in rats (Drazen et al., 2006) . Future studies are required to test if the circadian system regulates ghrelin levels in humans. Dzaja and co-workers (2004) reported that ghrelin levels are increased during the early part of sleep and that this response is blunted when sleep does not occur. These findings provide some evidence for sleep per se having an effect on ghrelin levels. However, no significant relationship between ghrelin and any sleep stage has been observed under normal conditions (Schuessler et al., 2005) . Shea and co-workers (2005) , who used a CR protocol, reported a circadian rhythm in leptin concentrations, with levels increasing during the biological night and peaking in the biological morning whereas Scheer and colleagues (2009), using a FD protocol, observed no circadian rhythm in leptin levels. The circadian leptin rhythm may have been masked by a stimulatory effect of the larger meals in the FD protocol. A projection from the SCN to adipose tissue-the primary site for leptin secretion-has been indentified in rodents that could be involved in circadian rhythms in leptin levels (Kalsbeek et al., 2001; Kreier et al., 2006) . Simon and colleagues (1998) reported that, under conditions of continuous enteral nutrition, leptin levels increase with the onset of sleep, regardless of the time of day that sleep takes place.
Ghrelin and leptin influences on sleep-Repetitive intravenous infusion of ghrelin increases growth hormone levels and SWS, and decreases REM sleep (Weikel et al., 2003) . Considering that ghrelin increases growth hormone levels, it is possible that the effect of ghrelin on SWS is mediated via stimulating the secretion of growth hormone-releasing homone which is known to promote SWS when infused into humans (Steiger et al., 1992) .
Regarding the potential effect of leptin on sleep, in rats, systemic administration of leptin increases SWS and decreases REM sleep .
CIRCADIAN MISALIGNMENT AND CARDIOMETABOLIC HEALTH
Given that the sleep and hormonal systems are tightly integrated, it is conceivable that disruptions of their synchrony may have adverse health consequences. Research in this area is just at the beginning, but some results-particularly in the area of cardiometabolic health and circadian misalignment-are already emerging. Circadian misalignment occurs when the behavioral cycle (including the sleep/wake and fasting/feeding cycle) is not appropriately in alignment with the circadian timing system (e.g., during shift-work, during let lag, and in certain circadian rhythm sleep disorders).
Society's demand for 24-h services (e.g., healthcare, industry and transport) has resulted in a high prevalence of shift-work. In the US, at least 5.7% of the work force regularly undertake night-work, either on permanent night shifts or rotating shifts (United States Department of Labor, 2005) . This high prevalence of night-work is of considerable significance for public health considering that shift-work (relative to day-work) has been shown to be a risk factor for health problems such as cardiovascular disease, impaired glucose metabolism and obesity (Tenkanen et al., 1997; Morikawa et al., 2005; Suwazono et al., 2008; Suwazono et al., 2009 ). It is not fully understood why shift-work is a risk factor. However, recent experimental work indicates that circadian misalignment (i.e. an altered relationship between the sleep/wake and fasting/feeding cycle on one hand, and the endogenous circadian cycle on the other hand) can have profound adverse effects on metabolism. Hampton and co-workers (1996) reported that a 9-h phase advance significantly increased postprandial responses of glucose and insulin to a standardized meal that was preceded by a high-fat meal, while integrated levels of triglycerides were unaffected. In a follow-up study, Ribeiro and colleagues (1998) , using a very similar protocol, reported that a 9-h phase advance had no effect on postprandial response of glucose or insulin to a test meal when preceded by a low-fat meal. Triglyceride levels increased to a greater extent from baseline in the phase-shift condition. Differences between these two studies may have been due to difference in macronutrient content of meals preceding the test meals, which warrants further study.
Cardiometabolic consequences of circadian misalignment
The above studies provide insightful data regarding the effect of simulated shift-work on postprandial metabolism. However, such studies are unable to determine the independent effect of circadian misalignment on postprandial metabolism because the time that elapsed from wake time and the consumption of the test meal differed between experimental conditions. Recently, Scheer and co-workers (2009) used a FD protocol to ensure that the time elapsed from wake time and the consumption of isocaloric meals etc. was the same across experimental conditions. The study demonstrated that circadian misalignment per se significantly reduces leptin levels, increases wake time blood pressure, and increases postprandial concentrations of glucose and insulin ( Figure 5 ; Scheer et al., 2009) . It is worth noting that circadian misalignment caused increases in postprandial glucose and insulin both during the subjects' breakfast (i.e., the meal shortly after awakening) and dinner (close to bedtime), while they were almost 12 h apart. This shows that the effects in this study are not solely due to the meal being given at a different circadian time, and suggest an influence of circadian misalignment. Further studies are required to determine the precise molecular and physiological mechanisms involved.
The study by Scheer et al. (2009) was not able to determine the long-term effect of circadian misalignment. Nevertheless, Arble et al. (2009) , using an animal model, investigated the longer-term effect of circadian misalignment on body mass. The researchers fed mice for 6 weeks either in the 12 h dark phase (biological night; the normal feeding time for mice) or the 12 h light phase (biological day). Mice fed during the light phase gained significantly more body mass and tended to have a greater body fat percentage than mice fed during the dark phase. The light-fed mice tended to consume more energy and undertake less locomotor activity than the dark fed mice, although these group differences did not reach statistical significance. Thus, it is possible that the additive effects of increased energy consumption and decreased locomotor activity caused the increased body mass and fat content in light-fed mice (Arble et al., 2009 ). Moreover, it is possible that diet-induced thermogenesis was lower in the mice fed at the 'wrong time' (i.e., light-fed mice) than 'correct time' (i.e., dark-fed mice) as observed in humans (Romon et al., 1993) .
Although not the focus of this review, it is worth mentioning that other forms of circadian disruption also induce an array of disorders. For example, Turek et al. (2005) demonstrated that Clock (a primary circadian clock gene) mutant mice are obese, and show hyperlipidemia and hyperglycaemia (for a full review of this area see the work of Bass and Takahashi 2010) .
Are adverse effects of circadian misalignment mediated through sleep loss?
Shift-workers more frequently report difficulty initiating and in particular maintaining sleep than day-workers (Åkerstedt, 1998; Ohayon et al., 2002) . These findings are at least in part due to shift-workers attempting to sleep during an adverse circadian phase, when the circadian drive for wakefulness is high (Figure 2 ; Dijk and Czeisler, 1994) . It is known that insufficient sleep causes adverse physiological effects such as impaired glucose tolerance (Spiegel et al., 1999; Buxton et al., 2010) . Furthermore, SWS suppression per se (thus independent of changes in sleep amount) can lead to impaired glucose tolerance (Tasali et al., 2008) . Therefore, it is conceivable that adverse health problems associated with shiftwork are mediated by poor sleep. However, the recently observed effects of circadian misalignment in humans on cardiometabolic biomarkers appear to be beyond any effect of a decrease in sleep efficiency (Scheer et al., 2009 ). Furthermore, there was no decrease in the amount of SWS during circadian misalignment (i.e., when sleeping during the day) in that study (Figure 3 ). This is not surprising because SWS is primarily regulated by homeostatic sleep pressure. These results indicate that the effects of circadian misalignment cannot easily be explained by changes in sleep alone, although other aspects of sleep regulation may be involved as well.
Emerging countermeasures for circadian misalignment: beyond re-entrainment strategies
The abovementioned studies indicate that strategies are needed to prevent or attenuate the adverse effects of circadian misalignment. A strategy (e.g., appropriate timing of light exposure and/or melatonin intake) that quickly promotes full or even partial entrainment to a shift-worker's schedule would be ideal. Such practice has been demonstrated to be possible under laboratory and field conditions (Czeisler et al., 1990; Boivin and James, 2002; Crowley et al., 2003; Smith et al., 2009 ). However, some shift-workers may find it difficult to appropriately time their light exposure and/or melatonin intake. Thus, in addition to strategies to entrain individuals to changing sleep/wake cycles, other strategies should also be researched. One such strategy is exercise. An acute bout of moderate intensity exercise in the evening significantly reduces blood pressure during subsequent simulated night-work (Fullick et al., 2009) . Furthermore, daytime exercise is known to suppress concentrations of the 'hunger hormone' acylated ghrelin (Broom et al., 2007) . Consequently, Morris and coworkers (2010) investigated whether early evening exercise could reduce perceived hunger and circulating concentrations of acylated ghrelin and leptin during a simulated night-shift. Surprisingly, evening exercise increased concentrations of both acylated ghrelin and leptin but had no effect on average ratings of perceived hunger. It is unknown if exercise affects food consumption during night-work and future studies should assess this in addition to measuring hormones related to appetite. A promising countermeasure to prevent adverse metabolic consequences of circadian misalignment may be food timing. In rats undertaking 'night-work' for several weeks by being placed in a slow-rotating drum during their habitual rest phase, the development of abdominal obesity and metabolic changes could be prevented by scheduling the animals food intake to only occur during the animal's habitual active phase (Salgado-Delgado et al., 2010) . Moreover, the body mass gained in mice exposed to dim light rather than darkness at night is prevented by restricting food consumption to the animal's active phase (Fonken et al., 2010) .
Open research questions
Additional research is needed to further determine adverse affects of circadian misalignment on many more physiological factors relating to metabolism (e.g., ghrelin), cardiovascular measures, inflammatory markers, gastrointestinal functioning, and cancer risk. Currently, little is not known regarding if 'real' shift-workers respond differently to circadian misalignment than non-shift workers (the population typically included in experimental studies). Real shift-workers may have adapted to the physiological strain of circadian misalignment and thus may respond differently to circadian misalignment than day-workers. Moreover, it is not known what aspect (e.g., sleep/wakefulness and meals) of circadian misalignment is most important. For example, does eating at an atypical time have more adverse consequences than being awake and/or asleep at an unusual time? In addition, more research regarding interventions (e.g., timing of meals and exercise) that reduce the adverse effects of circadian misalignment is desperately needed.
SUMMARY
Concentrations of numerous hormones fluctuate across the day and night. Such fluctuations do not occur randomly. Sleep per se influences levels of many hormones and this partially explains why there is a day/night rhythm in hormone concentrations. The sleep/wake cycle is also associated with rhythms in other behaviors, such as behavioral activity, food intake and postural changes, and environmental exposures, which contribute to day/night rhythms in hormones. In addition, the internal circadian timing system-independent of sleep and wakefulness-has a profound effect on an array of hormones and thus contributes to the day/night rhythm in hormone levels. Under entrained conditions, the behavioral cycle and circadian system are synchronized and consequently levels of hormones are appropriately controlled. However, dissociating the behavioral cycle and the circadian system (e.g., as occurs during shift-work) has a profound adverse affect on many physiological processes (e.g., endocrine function) which may cause health problems. Further research is needed to clarify how circadian misalignment affects various physiological systems. Such research will enable the development of appropriate strategies to prevent or attenuate the adverse consequences of circadian misalignment. The interactive effect of the homeostatic and circadian systems on wakefulness during sleep. Percentage of wakefulness was assigned to the circadian phase (twelve 30-degree bins) and time into the sleep episode (five 112-min bins) that it occurred. Therefore, e.g., the 'block' at 0-112 min and 0 degrees represents wakefulness within the first 112 min of a sleep period that occurred between the circadian phases −15 to 15 degrees. Circadian phase is reported related to clock time under entrained conditions. The black dashed line represents the trajectory of circadian phase and time since the start of a scheduled sleep period, as would occur during nocturnal sleep in an entrained individual. Reproduced with permission from Dijk and Czeisler (1994) . The separate and interacting effects of circadian and homeostatic systems on occurrence of sleep stages during sleep. Sleep was measured via polysomnography during a forced desyncrhony protocol. To assess the effect of the homeostatic system, sleep opportunities were split into 3 tertiaries (left, middle, and right panel). Slow wave sleep is primarily regulated by the homeostatic system (decreasing from first to third tertiary) whereas REM sleep is primarily regulated by the circadian system (with the peak at 0° and 60°, and the trough at 240°). Furthermore, the Figure highlights that the homeostatic and circadian influence are not additive: the circadian influence on (especially) REM sleep and Stage 2 sleep are small when homeostatic sleep pressure is high (left panel) and large when homeostatic sleep pressure is low (right panel). It also shows that the amount of slow wave sleep is not noticeably decreased when sleeping during the biological day (e.g., 180°), as occurs in night-workers, consistent with the fact that SWS is primarily homeostatically driven. S1, S2, SWS and REM indicate Stage 1, 2, slow wave sleep and rapid eye movement sleep respectively. Gray bars in the background indicate the circadian phases corresponding to the average habitual sleep episode in these subjects. Data are double plotted to improve visibility of rhythmicity. The data are unpublished, were provided by F.A. Scheer, T.J. Shea, M.F. Hilton and S.A. Shea, and based on Scheer et al. (2008) . The effect of the sleep/wake cycle (solid line) and the endogenous circadian system (dotted line) on circulating levels of melatonin, cortisol, growth hormone (GH), prolactin and thyroid stimulating hormone (TSH). The solid line represents measurements taken whilst subjects maintained their habitual sleep/wake cycle including daytime activity and meals and nighttime rest and fasting. The dotted line represents data collected while subjects were under constant routine conditions including constant rest, semi-recumbent posture, wakefulness and hourly isocaloric snacks. For the sleep/wake cycle only, the vertical lines of the rectangle represent relative clock hour of habitual bed time (left line) and habitual wake time (right line) and thus the rectangle indicates scheduled nocturnal sleep. Note that the The effect of circadian misalignment on circulating levels of leptin, glucose and insulin. Gray area indicates scheduled sleep episode and short vertical grey bars represent meal times. The white strips within the scheduled sleep period indicate when participants were briefly awoken to perform pulmonary function tests. B, L, D and S indicate breakfast, lunch, dinner and snack respectively. Reproduced with permission from Scheer and colleagues (2009) .
